Anaesthetic-induced spatial inhomogeneities of the electrencephalogram(EEG) using "high density" electrode mapping have not previously been reported. We measured the scalp EEG with a dense electrode (128-channel) montage during the course of light general anaesthesia with xenon and then propofol in normal human subjects. EEG was measured during induction and recovery of general anaesthesia in five normal subjects, and we obtained analysable data from three of these subjects. EEG topographies were plotted on a realistic head surface. Scalp fields were spatially de-blurred using a realistic head model and projected onto an averaged cortical surface Both xenon and propofol elicited large increases in midline frontal theta-band EEG power. Propofol reliably elicited orbitofrontal delta activity. Xenon, but not propofol, caused large increases in delta over the posterior cortex. Increased gamma power was observed for both anaesthetic agents at midline electrodes over the posterior cortex, but not anteriorly. Anaesthesia-induced delta and theta waves were differentially distributed along the anterior-posterior axis of the brain in a manner that corresponds well to the anatomy of putative neuronal generators. The distribution of anaestheticinduced changes in fast gamma-band power seems to reflect functional differences between the posterior and anterior aspects of the cerebral cortex. These preliminary observations were consistent within our small sample, indicating that larger studies of anaesthetic effects using high-density recordings are warranted.
Over the past six decades, there have been numerous studies describing the effects of general anaesthetic agents on the human electroencephalogram (EEG). Most of these studies have assumed that the effects of general anaesthetic agents are relatively homogeneous over the cerebral cortex. Several recent studies suggest that general anaesthetics cause spatial inhomogeneities of the scalp EEG signal [1] [2] [3] [4] [5] . These studies have demonstrated a shift to increased EEG power in the frontal elec-trodes with increasing sedation. This spatial shift consistently occurs about the time that the patient loses consciousness. Recently, a commercially available anaesthetic monitor has been developed that, in part, uses these changes to quantify depth of hypnosis (Physiometrix Patient State Analyzer, PSA 4000, Baxter Healthcare Corporation, Round Lake, IL, U.S.A.). Mapping studies to date have typically used arrays of only 16 to 19 electrodes which have limited spatial resolution. Recent improvements in electronics and computer technology have made it practical to characterize scalp EEG fields much more completely with dense electrode montages of 100 or more electrodes. We are unaware of previous work describing anaesthetic-induced changes in the EEG using such high-density EEG montages.
Our objective was to characterize the spatial distributions of the most salient anaesthetic-induced EEG rhythms in healthy subjects with anaesthetic agents thought to have different mechanisms of action. We used a 128-channel electrode array to measure the scalp EEG on a small sample of healthy subjects undergoing light general anaesthesia. We employed two anaesthetic agents thought to produce anaesthesia via different neural mechanisms: xenon gas antagonizes n-methyl d-aspartate (NMDA) receptors, while propofol is an agonist of gamma amino butyric acid (GABA) receptors.
METHODS

Subjects and Anaesthesia
After obtaining regional ethical committee approval and written informed consent, five healthy subjects (four male, one female, mean age 27.7 years, all right-handed) were studied. Subjects were not on any psychoactive drugs, and were fasted for six hours prior to the study. After attachment of monitoring devices (pulse oximetry, ECG, non-invasive blood pressure oscillometry, and anaesthetic gas and vapour analysis), a 20 gauge intravenous cannula was sited in the left antecubital fossa.
The study was conducted with the subjects' eyes closed. Level of responsiveness was estimated with a simple working-memory task, which required subjects to respond (by lifting the right thumb) when they recognised a probe word from a list of distractor words read aloud by one of the experimenters. Subjects were preoxygenated using a Bain circuit until their end-tidal F ET O 2 exceeded 0.95. Having thus denitrogenated the subjects, we were then able to estimate the expired xenon concentration by subtracting the F ET O 2 plus F ET CO 2 from 1.0. All gas concentrations were measured using a Datex AS3 anaesthetic monitor (Datex-Ohmeda, Instrumentarium, Helsinki, Finland)-the data being downloaded to a computer for off-line analysis. Subjects were then given increasing concentrations of xenon over 3 to 5 min until they became unresponsive to loud verbal command. The circuit consisted of a five litre xenon-filled bag connected to the patient via a soda-lime-filled Waters canister. After an interval to recover during which the subjects breathed 100% oxygen until the F ET O 2 was >0.95, they were then given an intravenous infusion of 1% propofol (150 ml/h) to the same endpoint.
EEG recording
EEG was measured with Electrical Geodesics Inc. (Eugene, CO, U.S.A.) 128 channel Ag/AgCl electrode nets. Electrode impedances were below 30 kΩ, an acceptable level for this system 6 . A custom-built headsupport device allowed subjects to lay supine without crushing the electrode nets. The EEG was recorded continuously (sampling frequency=250 Hz, 0.1-100 Hz analog bandpass) with Electrical Geodesics Inc. amplifiers (200 MΩ input impedance) and acquisition software running on a Power Macintosh 9600/200 computer with a National Instruments PCI-1200 12-bit analog-to-digital conversion card. EEG was acquired using a common vertex (Cz) reference. Audio and video were recorded continuously and were synchronized to the EEG by mixing the clock output of the EEG A-D converter with the video display. At the start of EEG recording, a switch on the video setup was engaged to simultaneously begin the counter and to send a synchronization pulse to the EEG acquisition machine.
Data analysis
EEG data files were processed using EMSE 4.2 analysis software (Source Signal Imaging Inc., San Diego, CA, U.S.A.). Initial processing involved: (1) identification and removal of bad channels ("bad" channels were those with increasing impedance during the course of the recording session); (2) rereferencing to common average reference; (3) digital highpass filtering (1.0 Hz, 2nd order Butterworth). The processed data were visually scanned by one of the authors (BWJ) for analysable segments representative of the following times: (1) before any anaesthetic drugs had been given (termed START);
(2) while unresponsive under xenon anaesthesia (XENON); (3) after recovery from the xenon (POST-XE); (4) while unresponsive under propofol anaesthesia (PROP); and (5) when responsive again after cessation of propofol (POST-PROP). Data collection was terminated post-propofol as soon as subjects were awake and conversing appropriately. Analysable segments were defined as those where no ocular or other movement artifacts occurred in any channel for a continuous epoch of at least 1.5 seconds. The majority of artefacts were readily identified by superimposing all of the individual EEG traces: segments containing movement artefact were readily apparent by the large amplitudes and tight phase-synchronization between channels, relative to adjacent segments. For segments that were deemed potentially suitable by visual inspection, we performed a second elimination of ocular artefacts by comparing the horizontal and vertical electro-oculograms (H-EOG and V-EOG) calculated from the eye channels of the recording montage. Both vertical and horizontal eye movements resulted in H-EOG and V-EOG traces that were 180° out of phase. In contrast, cerebral delta rhythms were in phase in the two traces. Artefact-free segments retained in the final selection ranged from 1.5 to 3 s in duration. Fast Fourier Transforms were performed on the final EEG segments, and the resulting power spectra were compressed into the means of five frequency bands: delta (1-3 Hz), theta (3-7 Hz), alpha (8-12 Hz), beta (13-30 Hz), and gamma (35-45 Hz).
An overall index of EEG power within each frequency band was calculated by averaging power over all electrodes (referred to the average reference), resulting in a "global" frequency domain description comparable to the global field power (GFP) index described for time-domain analyses. As digitization of electrode positions was not technically feasible in the operating room environment, we used an averaged position file (Electrical Geodesics Inc.) for topographic mapping. Surface maps were plotted using surface-spline interpolation implemented in EMSE 4.2 analysis software (Source Signal Imaging Inc., San Diego, CA, U.S.A.) onto the surface of a realistic "average" head derived from an average of 152 T1-weighted stereotaxic MRI volumes (ICBM152; Montreal Neurological Institute, Montreal, Quebec, Canada). In order to correct for spatial distortions of scalp fields caused by conductive inhomogeneities of the brain/CSF, skull and scalp, we employed the spatial deblurring method of Babiloni et al 7 to project scalp surface fields onto the ICBM152 cortical surface. The deblurring algorithm was implemented in EMSE 4.2 analysis software, using a realistic average head model derived from ICBM152, and assuming conductivity ratios of the skull to be 1/15 that of brain/CSF, and scalp 8 .
RESULTS
Subjects became unresponsive to xenon at a mean calculated end-expired concentration of 68% (range 57%-75%); and were fully recovered within 1 to 3 minutes after the xenon was stopped. They became unresponsive after infusing a mean 122 mg (range 90-150 mg) of propofol. Using a three compartment pharmacokinetic model, the calculated maximal effect-site propofol concentrations lay between 1.1 mg/l and 1.9 mg/l. EEG data from two of the five subjects subjects were discarded because multiple electrodes were displaced when they lifted their heads out of the head holder during recovery from the initial anaesthetic administration (always xenon).
"Bad" channels (those with increasing impedance during the study) were of low incidence. Of the 128 channels in each subject, four bad channels were identified in Subject 1, six in Subject 2, and nine in Subject 3.
Global EEG Changes
Global EEG power (see Methods) is shown for all three subjects in each experimental condition in Table   1 . Anaesthetic effects were most salient in the lower frequency bands. Delta power increased dramatically with propofol for Subject 2 (>11-fold increase over START) and Subject 3 (>62-fold increase). In contrast, increases of this order were not seen in any of the subjects for xenon. In the theta band, both anaesthetics resulted in large power increases in comparison to the non-anaesthetic conditions in all subjects. Such consistently large effects were not generally apparent in the higher frequency bands, with the exception of xenon producing a relatively high global power in the gamma band (in comparison to START) in all three subjects. Propofol resulted in slightly depressed global power in the gamma band in all subjects.
Anaesthetic effects along the A-P axis
Anaesthetic effects on the EEG delta and theta rhythms were not homogeneous in space. Figure 1 shows that propofol effects on delta activity were maximal at the most anterior recording site of the electrode montage (nasion electrode) in all three subjects, and the magnitude of the propofol effect dropped off very rapidly at sites posterior to the frontal-polar electrodes. The post-propofol plots show the opposite pattern, with smallest changes at anterior electrodes and largest changes at posterior electrodes. Xenon, like the post-propofol condition, shows large amplitude changes at posterior electrodes for all three subjects.
Anaesthetic-induced spatial inhomogeneities are also evident for theta-band activity. For propofol, changes from pre-anaesthetic theta are maximal at frontal and fronto-polar electrodes, declining rapidly in magnitude both anterior and posterior to these sites. These spatial effects are robust, with a fairly precise correspondence between subjects. Very similar patterns are seen for xenon, with the exception that the maximal effect for Subject 2 was at a somewhat more posterior site (Cz).
Anaesthetic effects on the gamma band showed a dissociation between activity recorded at the nasion (Nz) and all of the midline sites posterior to this. Xenon had little effect on Nz activity, but elicited increases at the posterior electrodes. Propofol exhibited a similar pattern, with more variable magnitudes of effect at sites posterior to Nz. The propofol effect on gamma distribution appears to carry over into the post-propofol condition.
Topographic Maps
Complete topographic maps of the cortical generators of the cerebral slow rhythms (delta and theta) under xenon and propofol are plotted on an average head for a representative subject (Subject 1) in Figure 2 . The anterior views show that the delta rhythm induced by both agents is maximal at the inferior margin of the electrode montage, at sites over the nasion, brow ridge, and ocular electrodes. Delta power drops off rapidly at electrodes superior to these. In contrast, theta rhythms are maximal near midline fronto-polar and frontal electrodes. The posterior view of the scalp surface shows that the xenoninduced delta rhythm has a second region of maximum amplitude near the midline occipital electrodes. This posterior maximum is not seen for propofolinduced delta, or for theta induced by either of the agents.
As indicated by the plots of Figure 2 , these topographic maps show that anaesthetic-induced spatial inhomogeneities occur along the anterior-posterior axis of the head. These maps are representative of all of the subjects, with the exceptions that Subject 3 did not exhibit anterior delta in the xenon condition, and the posterior delta of Subjects 2 and 3 was maximal over broader regions of the posterior neocortex (see Figure 2 ). The slight lateralizations observed in the distributions of propofol-delta and xenon-theta were not consistent across subjects. We do not show topographic maps for gamma-band activity: as indicated by Figure 2 , voltages were relatively homogeneous over the entire posterior surface of the head. The projections of the scalp fields onto the average brain in Figure 2 allow visualization of the broad cortical regions beneath the recorded surface fields. These projections show that delta maxima for both anaesthetics occur at orbito-frontal regions, while theta maxima occur over the superior surface of pre-frontal cortex. The posterior maximum of the xenon-induced delta occurs over the cortex of the occipital pole and the midline occipital-parietal cortices just superior to the occipital pole.
DISCUSSION
General anaesthesia resulted in several effects on the spatial distributions of EEG rhythms: 1. Both anaesthetics produced theta-band activity with maximum power at midline-frontal electrode sites. near the nasion, while xenon produced delta-band activity maximal at midline posterior (occipital and parietal) sites.
Propofol produced delta-band activity maximal
Global gamma power increased in all subjects
under xenon but decreased with propofol.
Methodological Considerations
Our objective was to characterize the spatial distributions of the most salient anaesthetic-induced EEG rhythms that we observed in our small sample. We employed two different anaesthetic agents to increase the generalizability of our results, but made no attempt to counterbalance their order of administration and therefore make no inferences concerning agent-specific effects on neuronal mechanisms. Clinical recovery from xenon was much faster than recovery from propofol, so xenon was used first.
Two sources of artefact were of particular concern in this study. Eye movements commonly occur in deep sedation, and the frequency and spatial distribution of the electro-oculogram (EOG) overlaps with those of the delta EEG we describe here. Ocular artifacts were readily identified and eliminated with analysis of the EOG channels of our recording montage (see Methods) and we are confident that the delta activity we describe is free of this artefact. A further problem with eye movements encountered in the present study is that they occurred so frequently in deep sedation that we could not consistently find artefact-free segments of EEG that were longer than 1.5-3 s; raising the possibility that our analysable segments may not provide sufficiently reliable estimates of the EEG power spectrum in a given condition. This possibility is highly unlikely where effects are consistent across all subjects, and we have restricted our attention to repeatable observations, but we acknowledge the likelihood that we may have missed other effects because of suboptimal sampling of the EEG spectrum.
A second artefact of concern was 50 Hz artefact due to AC power line noise, which is typically quite high in the environment of the operating theatre and may be of particular concern when using an EEG system with high electrode impedances. The effect of electrode-scalp impedance and AC power line noise on EEG data quality has been systematically examined in a recent study by Ferree 6 , using the same EEG system as employed here. These authors found no significant amplitude attenuation in any of the delta, theta, alpha or beta EEG frequency bands as impedances were increased from less than 10 kΩ to 40 kΩ and concluded that EEG data quality is not degraded by high scalp-electrode impedances or the line noise artefact. Our gamma band (35-45 Hz) is most susceptible to contamination by 50 Hz noise, but our observations of this band are strengthened by their reproducibility across subjects.
Midline Frontal Theta
This effect is consistent with the results of Gugino et al 3 . Using a 19-channel EEG montage, these authors reported a sudden increase in frontal theta power at the time of loss-of-responsiveness with propofol or sevoflurane anaesthesia. The neuroanatomical basis of the localization of anaestheticinduced increased theta power in the frontal midline is complex and speculative. The most widely studied theta rhythm is associated with the hippocampus. This rhythm is widely believed to be indicative of processes of memory consolidation in the hippocampus, and is modulated by both GABA and cholinergic systems in the basal forebrain 9 . In addition, basal forebrain structures are dynamically modulated by input from ascending "theta synchronizing" and "desynchronizing" systems arising in the brainstem. Frontal cortical areas are also believed to be part of a distributed mnemonic network, and it has recently been argued that theta activity seen in these regions may occur concurrently to hippocampal theta and be modulated by the same basal forebrain and ascending systems.
Synthetic aperture magnetometry analysis has shown that bilateral medial prefrontal corticesincluding the anterior cingulate cortex -are the source of frontal midline theta when the subject is in a state of focused attention 10 . Similarly, transiently increased theta power has been observed over a similar midfrontal region in mnemonic tasks. However, these states (of alertness and active working memory) are clearly different from that observed in our study, where the midline theta became predominant after amnesia and a decrease in the level of consciousness. It is possible that anaesthesia blocks ascending modulation from the brainstem or alters the balance in the direction of theta synchronization. In addition, anaesthesia may have more local effects. Manns et al found populations of basal forebrain GABAergic neurons that promote cortical activation by modulating gamma or theta activity. Presumably these cells are sensitive to the direct (propofol) or indirect (xenon) effects of general anaesthetic agents 11 . NMDA blockers such as ketamine and phencyclidine are known to cause increased theta and beta power 12 . Midazolam (a GABAergic compound) increases theta activity, which is usually reversed by its antagonist flumazenil. However in one patient the flumazenil had the opposite effect, inducing persisting theta activity. An alternative hypothesis is that the frontal predominance is related to anaestheticinduced inhibition, and thus slowing, of cholinergic frontal projections of the ascending reticular formation 13 . However, the fact that the theta waves were seen with xenon is evidence against an important direct role for cholinergic systems.
Anterior delta
Increased delta activity is a common effect of general anaesthesia 14 , and several researchers have previously reported a frontal predominance of propofol-induced delta. Our results indicate that anaesthetic-induced frontal delta is maximal at electrodes closest to the orbito-frontal cortex. Support for the role of ventromedial frontal cortex in delta wave generation comes from two neuroimaging studies of normal slow wave sleep (SWS). Using H 2 15 O post emission tomography (PET), Maquet and Hofle 15, 16 found decreased cortical regional cerebral blood flow during slow wave sleep (reflecting neuronal inactivation) was most marked in frontal ventromedial areas including orbitofrontal and anterior cingulate cortices. These regions are implicated in the modulation of cortical activation, arousal and sleep generation, and receive dense projections from the diffuse thalamocortical projection system, which is in turn modulated by neurons of the brainstem reticular formation. Broadly similar patterns of inactivation have been obtained with anaesthetics in animal studies. Davis and co-workers (using etomidate), and Dam and co-workers (using propofol), reported that GABAergic anaesthetic agents reduced glucose utilization more markedly in the rat forebrain than the hindbrain 17, 18 .
Posterior delta
Our observation of increased delta power at posterior midline sites in the xenon condition has an intriguing correspondence in the regional cerebral blood flow study of Hofle et al 16 . These authors found that delta EEG power was significantly positively correlated with regional cerebral blood flow in posterior areas including occipital cortex, inferior parietal lobule, and pericentral cortex. These authors interpreted the activation of these areas to reflect the occurrence of visual imagery during slow wave sleep. Our results may reflect the activation of a common set (or subset) of brain mechanisms in anaesthesia and slow wave sleep, but we cannot explain why delta rhythms should be present in both deactivated (anterior) and activated (posterior) cortices.
Gamma
Recent work in rats has shown that gammaband activity during general anaesthesia is often increased over that of the awake state 19 . In our study, global gamma power was increased during xenon anaesthesia, an effect that persists into the postxenon recovery phase. While there was no global increase in gamma power during the propofol condition, both conditions showed relative gamma increases at midline electrodes over the superior surface of the brain in comparison to the nasion electrode where no change in gamma power was detected. This result may indicate that gamma band activity is more characteristic of the posterior than of the anterior neocortex.
CONCLUSIONS
We report high-density EEG recordings of human brain activity during general anaesthesia. While it is unlikely that high-density EEG will prove practical for routine clinical use, our results indicate that further experimental work may result in optimization of low-density recording montages and increased knowledge of neuronal mechanisms relevant to the monitoring of arousal and sedation.
In our small sample, general anaesthesia resulted in changes of delta-and theta-band power which varied along the anterior-posterior axis of the brain. These spatial changes are consistent with and extend the observations of previous EEG studies using lowdensity recording montages 3 , and they correspond well to cortical regions implicated in sedation and slow wave sleep by human neuroimaging studies and animal studies 17, 18 . The distribution of anaestheticinduced changes in gamma-band power may reflect functional differences between the posterior and anterior aspects of the cerebral cortex. These observations were reliable in our small sample and indicate that larger studies of these potentially important brain phenomena are warranted.
Our observations are consistent with previous investigations of anaesthesia and sleep phenomena in humans and animals. Although our sample was small, the reproducibly differing effects of anaesthesia induced by xenon and propofol on high-density EEG recordings is worthy of further study.
